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Solid-to-liquid phase transition in the dissolution
of cytosolic misfolded-protein aggregates

Alexis Tomaszewski,'* Rebecca Wang,® Eduardo Sandoval,* Jin Zhu,® Jian Liu,"? and Rong Li'2>6.7.*

SUMMARY

Accumulation of protein aggregates is a hallmark of cellular aging and degenerative disorders. This could
result from either increased protein misfolding and aggregation or impaired dissolution of aggregates
formed under stress, the latter of which is poorly understood. In this study, we employed quantitative
live-cellimaging to investigate the dynamic process of protein disaggregation in yeast. We show that protein
aggregates formed upon heat stress are solid condensates, but after stress attenuation these protein aggre-
gates first transition into a liquid-like state during their dissolution. This solid-to-liquid phase transition (SLPT)
accompanies the reduction in aggregate number due to the fusion of the liquid condensates. The chaperone
activity of Hsp104, a Clp/HSP100 family chaperone, is required for both SLPT and subsequent dispersal of
the liquid condensates. Sse1, ayeast HSP110 chaperone, also facilitates SLPT. These results illuminate an un-
expected mechanistic framework of cellular control over protein disaggregation upon stress attenuation.

INTRODUCTION

The clearance of misfolded proteins to maintain cellular proteostasis is a highly regulated process involving chaperones and protein turnover
machineries.'™ During the natural aging process, an unbalanced proteostasis can lead to the accumulation of misfolded proteins that aggre-
gate together to form solid inclusions or amyloid plaques.”® Protein misfolding and aggregation have been implicated in numerous neuro-
degenerative diseases such as Alzheimer's disease, amyotrophic lateral sclerosis, Huntington’s disease, and Parkinson’s disease.'*”"’
Studies on protein aggregation have shown that the formation of solid protein aggregates, especially those involved in degenerative disease,
occur through liquid-liquid phase separation followed by liquid-to-solid phase transition.'*™"®

Protein aggregation, however, is not always associated with disease states and can occur in normal cells under proteotoxic stresses such as
heat shock, oxidation, and proteosome inhibition.”!” Increasing evidence suggests that healthy cells have the ability to clear stress-induced
protein aggregates via the action of molecular chaperones.”'®° The best studied system is the budding yeast, where the chaperone protein
Hsp104, a hexameric AAA+ ATPase, works with Hsp40 and Hsp70 chaperones to bind and disentangle aggregated or amyloid proteins by
translocating them through a central channel.'®?'~?% In vitro, the disaggregase activity of Hsp104 can be assayed via the reactivation of a de-
natured firefly luciferase.?’ Using purified components in a minimal system, it was shown that Hsp104 requires both polypeptide substrate
binding and ATP hydrolysis to reactivate the misfolded protein. This system has been adapted to identify variants that suppress the toxicity
of disease-related proteins.”**’ Although mammalian cells do not possess Hsp104 orthologs, HSP70 in combination with HSP110 resolubilize
aggregated proteins so that they can be refolded or degraded in vitro.?*=*

The accumulation of pathological aggregates could therefore result from either increased aggregate formation or impaired dissolution. A
detailed understanding of how protein aggregates are resolved may illuminate approaches to more effectively clear toxic misfolded proteins or
preventthem from accumulating as toxic aggregates during aging. Here, we characterized the process of protein dissolution after heat stress in
budding yeast by quantitative live-cellimaging. We found surprisingly that protein disaggregation undergoes a solid-to-liquid phase transition
(SLPT). Importantly, this transition and the subsequent dissolution of the liquid intermediate both require the chaperone activity of Hsp104.

RESULTS
Protein aggregates undergo solid-to-liquid phase transition during dissolution process

To investigate how aggregates of misfolded proteins are dissolved, we stressed budding yeast cells expressing a green fluorescent protein
(GFP)-tagged thermolabile protein, firefly luciferase R188Q single mutant (FlucSM-GFP),>* with a 30 min heat shock (HS) at 42°C, during which
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Figure 1. Protein aggregates undergo a solid to liquid-like phase transition during the dissolution process

(A) Time-lapse confocal imaging of a single yeast cell expressing FlucSM-GFP labeled aggregates after a 30 min heat shock (HS) at 42°C and shifted back to their
permissive temperature of 30°C for 90 min. Scale bar, 2 um.

(B) Zoom in of individual rugged aggregates (pink box), aggregates that are beginning to come together and cluster (blue box), and aggregates once they have
fused together (green box) displayed with fire LUTs. Scale bar, 0.5 um.

(C) Quantification of aggregate circularity after HS during dissolution. Each dot represents the circularity of a single aggregate. N = 3 movies. Error bars represent
the SD. Statistical analysis was performed via a one-way ANOVA with a p value < 0.05 followed by a Tukey post hoc test with the following significance cut-off: not
significant (ns): p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

(D) Lineage trace of FlucSM-GFP labeled aggregates (top) and aggregate number (bottom) over time from the representative time-lapse movie of the cell from
(A). Aggregates were detected and tracked in Imaris so that each line represents a track from an individual spot at each time point. Pink arrows represent events
where a clustered aggregate moves apart and green arrows represent fusion events. The color represents the mean intensity of the aggregate in the track; pink
denotes high intensity and blue denotes low intensity aggregates.

(E) Normalized mean aggregate intensity, whole cell intensity, and aggregate number per cell of FlucSM-GFP labeled aggregates following HS. Time represents
the number of minutes after shifting back to permissive temperature of 30°C (n = 3 movies and 96 cells). Error bars represent the SD.

(F) Representative images from FlucSM-mEOS3.2 photoconversion experiment. Photoconverted aggregate after HS is circled with a pink circle and the non-
converted aggregate is circled in green. Over time, these aggregates come together and the fused aggregate is circled in white. Time is represented in
minutes. Scale bar, 0.5 um.

(G and H) Representative kymograph through the bleached half and non-bleached aggregate half of a FlucSM-GFP labeled aggregate at 0 min (G) and 30 min
(H) after HS. For 0 min after HS: the bleached region (black line) and non-bleached region (gray line). For 30 min after HS: the bleached region (pink line) and non-
bleached region (light pink line). Scale bar, 0.5 um.

(I) Quantification of the fluorescence intensity decay of the bleached half and non-bleached half of FlucSM-GFP aggregates at 0 and 30 min after HS depicted in
G and H.

(J) Normalized mean aggregate intensity and SEM for FLIP experiments acquired 0, 20, and 30 min after HS (n = 20, n = 12, and n = 25 respectively). Also included
is the control normalized fluorescence intensity of a non-bleached aggregate in the same field as bleached aggregates at 0 min time point (n = 14 aggregates).
Decay rate k (K), half-life (L), and immobile fraction (M) from the non-bleached half of the aggregate whose other half was being photobleached. Individual data
points represent a single bleached aggregate. Statistical analysis was performed via an unpaired two-tailed t-test with the following significance cut-off: not
significant (NS): p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

aggregates labeled with FlucSM-GFP was observed to form. After the cells were shifted back to the permissive temperature of 30°C, protein
aggregates dissolve in approximately 90 min (Figure 1A and Video S1). Immediately after HS, cells contained many FlucSM-GFP aggregates
that generally have a jagged shape, characteristic of solid structures (Figure 1B, left panel) and transform into rounder structures during the
dissolution process (Figure 1B, right panel). Quantification of circularity shows that over time aggregates became significantly more circular
after 30 min and continued to increase in circularity prior to dissolving (Figure 1C).

We used lineage tracing to follow the fate of individual aggregates during dissolution (Figure 1D, an example). Within the first 30 min of
recovery, mobile aggregates came in close proximity to other aggregates but did not often stay together. We refer this behavior as “clus-
tering.” After a 30 min recovery, aggregates tended to fuse together after clustering (Figure 1B). We consider these events “fusion,” which
was also reported in previous studies.***¢ Both the intensity of the aggregates and number decreased over the 90 min period as aggregates
fused and dissolved (Figures 1D and 1E). Quantification of whole cell intensity shows that during dissolution FlucSM-GFP levels remained
mostly constant (Figure 1E), and so the loss of aggregate intensity was not due to the depletion of the protein in the cytoplasm. This was
further confirmed with immunoblot analysis (Figures S1F and S1G).

Tobetter differentiate aggregate clustering from fusion, we labeled aggregates with the photoconvertible fluorescent protein mEos3.2 and
photoconverted single aggregates from green to pink 0 min after HS and tracked their fate during dissolution.” If a pink, photoconverted
aggregate fuses with a green, non-photoconverted aggregate, the fused aggregate would appear white, but if these aggregates only cluster
without fusion the different fluorescent color would occupy different spatial domains of an aggregate (Figure S1A). Figure 1F shows an example
of first clustering and then fusion, where the photoconverted pink aggregate came in close proximity to a non-converted green aggregate and
initially occupied separate domains. After ~10 min, these two aggregates fused and stayed together (Figure 1F and also Figure S1D). We
quantified the normalized fluorescence intensity of the converted and original aggregates relative to the converted aggregate. When the pho-
toconverted aggregate fuses with the original aggregate, there was a spike in total intensity, consistent with the two aggregates occupying the
same domain, which was followed by simultaneous decrease in the fluorescence intensity of both species during dissolution (Figure S1E).

The ability to fuse and the transition into more rounded structures suggested that the aggregates might undergo SLPT. To test this, we
performed fluorescence loss in photobleaching (FLIP) assay, wherein half of a protein aggregate was continuously photobleached for 44 s
either immediately after HS (O min), or 30 min after shifting to back 30°C after HS (30 min). Fluorescence decay of the non-photobleached
half would reflect the diffusion of non-bleached molecules into the area being bleached. Rapid molecular diffusion is expected within
liquid-like but not solid-like condensates.'” Little diffusion was observed in the aggregates 0 min after HS (Figures 1G=1l). This is characteristic
of solid structures and consistent electron microscopy images of protein aggregates immediately after HS which showed that aggregates are
amorphous structures with compacted globular densities.***” However, the protein aggregates after a 30 min recovery showed fast molecular
diffusion within, as the fluorescence in the non-bleached half decayed within seconds (Figures 1G-1L). Quantification of immobile fractions
between the two time points showed that the mean immobile fraction progressively reduced with increasing time of recovery (Figure 1M). To
control for off-target photobleaching in the FLIP experiments, fluorescence changes were quantified for a non-bleached aggregate in the
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Figure 2. Molecular determinants of aggregate dissolution

(A) Screen schematic to identify proteins involved in aggregate dissolution. Aggregate enriched proteins were knocked out, labeled with FlucSM-GFP, subjected
to a 30 min HS and imaged at 0 and 30 min after HS. Aggregate number was quantified (as in Figure S3) and compared between KO mutants and WT.

(B) Representative images for top hits with dissolution and fusion defects. FlucSM-GFP aggregates are shown at 0 and 30 min after HS. Note xrn14 intensity is
scaled differently than WT and other hits since the aggregates are dimmer.
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Figure 2. Continued

(C and D) Normalized mean aggregate intensity (C) and normalized aggregate number per cell (D) of FlucSM-GFP labeled aggregates in KO strains after HS.
Time represents the number of minutes after shifting back to permissive temperature. Error bars represent the SD (WT n = 3 movies and 165 cells, hsp1044 n = 3
movies and 141 cells, ptk14 n = 2 movies and 90 cells, sseT4 n = 3 movies and 91 cells, xrn14 n = 3 movies and 87 cells).

(E and F) Lineage trace (F) of xrn14 FlucSM-GFP labeled aggregates (top) and aggregate number (bottom) over time from time course images (E). Each line
represents an aggregate track and the corresponding number of aggregates per cell at each time point. Due to the increased aggregate number per cell,
only a subset of tracks are shown. Pink arrows represent events where a clustered aggregate falls apart. The color represents the mean intensity of the
aggregate in the track; pink represents high intensity while blue represents low intensity aggregates.

(G and H) Lineage trace (H) of pfk14 FlucSM-GFP labeled aggregates (top) and aggregate number (bottom) over time from time course images (H). Only a subset
of aggregate tracks are depicted. Statistically colored traces and arrow coloring same as in (E & F). Scale bar for all panels, 2 pm.

same cell or field of aggregates that were analyzed for FLIP, which showed minimal fluorescence decay during the FLIP experiment (Figures 1J
and S1B). This data suggests that protein aggregates undergo SLPT within 30 min of recovery after HS.

To determine whether native aggregating proteins behave similarly to FlucSM and undergo SLPT during the dissolution process, we
tested three native substrates (Ruan et al., 2017) that were highly enriched in protein aggregates: Ald6, Cdc19, and Sup45. These proteins
colocalized with FlucSM aggregates 0 and 30 min after HS (Figure S1A) and the aggregates fused together during the recovery process (Fig-
ure S2D). Ald6 aggregates had the highest fluorescence intensity, enabling the application of FLIP analysis, which showed that Aldé6-GFP
shifted to having a higher mobile pool 30 min after HS in FLIP assays (Figures STE-S1K), confirming that SLPT occurs also for native aggre-
gated proteins.

Molecular regulators of protein disaggregation

We next sought to identify proteins that affect aggregate dissolution especially SLPT. We focused on 319 proteins previously detected in
protein aggregates by mass spectrometry.’” We reasoned that these proteins are enriched because they either are aggregation-prone pro-
teins or regulate aggregate formation or dissolution. Among these, 97 mutants bearing knockout (KO) of a non-essential gene were tested for
their effects on the dissolution of FlucSM aggregates (Figure 2A). All of these KO strains formed aggregates, indicating that none of the genes
were required for aggregate formation. Given that SLPT and aggregate fusion occurred within 30 min in wild-type (WT) cells, we compared
the fraction of aggregates remaining at 30 min relative to 0 min and the ranked ratio can be sound in Table S1. Hits (hsp 1044, new14, aro44,
ptk14, alt24, sse14, his44, and glk1) were defined as mutants that had a ratio above 0.5, a value significantly higher than WT (Figures S3B and
S3C). We also found mutants that had an increased aggregate number compared to WT at 0 min and 30 min (xrn 1A and sseA) (Figures 2B,
S3C and S3D). Note that while trp2A had a significant increase in aggregate number at 0 min, the number was not significantly different than
WT at 30 min (Figure S3D).

We validated these screen hits by quantifying aggregate intensity and number changes during dissolution (Figure S3), which confirmed
that Hsp104, Xrn1, Sse1, and Pfk1 are important for aggregate dissolution and fusion. Xm1 is a conserved 5 to 3’ exonuclease®’; Ssel is a
Hsp110 family chaperone’”*%; and Pfk1 is the alpha subunit of phosphofructokinase, a key glycolytic enzyme.*" As shown previously,*” aggre-
gates in the hsp 1044 background failed to dissolve: the number and intensity of aggregates did not decrease over time (Figures 2C and 2D).
ptk14 and sse14 cells exhibited a significantly longer half-time of aggregate fluorescence intensity and number compared to WT (Figure S3E).
xrn14 exhibited a slower decline in aggregate number compared to WT but the normalized fluorescence intensity decrease was more similar
to WT (Figures 2C, 2D, S3D, and S3E), suggesting that Xrn1 may play a role in the fusion of aggregates rather than dissolution. Of the remain-
ing strains that had a ratio above 0.5 (Figure S3C), aggregates in alt24, aro44, glk14, his44, and new14 strains dissolved and were able to fuse
during dissolution (Figures S3B, S3F, and S3G). alt24, deleted of a catalytically inactive transaminase,”” showed a significant delay in the
reduction in aggregate number but not intensity, although aggregates were able to fuse together and dissolve within 150 min
(Figures S3E, S3H, and S3l).

Hsp104 is required for solid-to-liquid phase transition

Hsp104 was the most prominent hit in the above screen. Consistently, Hsp104 was previously shown to be required for the dissolution of pro-
tein aggregates (Zhou et al., 2011; Glover and Lindquist, 1998). We next investigated whether Hsp104 was required for SLPT or subsequent
aggregate dissolution, or both. We observed that aggregates in hsp104A were mobile and often cluster transiently without fusion and re-
mained jagged rather than became round like those in WT (Figures 3A-3D, Video S2). Average aggregate intensity increased in hsp104A
cells, as more misfolded proteins accumulated in the absence of Hsp104 even in the absence of continued stress, which was likely due to
the time it takes for cells to recover normal protein folding capacity. FLIP assay showed that there was little molecular diffusion in aggregates
in the hsp104A background even after 30 min recovery (Figures 3D-3F). The immobile fraction did not defer significantly between 0 and
30 min after HS (Figure 3G). These observations suggest that Hsp104 is required for SLPT during aggregate dissolution.

It was possible that in the hsp1044 background aggregates that formed had an altered molecular organization that prevented SLPT. We
therefore tested whether the induction of Hsp104 expression after HS could rescue the SLPT defect in hsp1044 cells. Hsp104 expression was
induced with the B-estradiol-inducible system™ after heat shock in hsp1044 cells (schematic in Figure 3H). Inducing Hsp104 expression in
hsp1044 not only rescued dissolution, clearing cytoplasmic aggregates in 3 h (Figures 3l and 3G), but it also rescued SLPT (Figures 3K, 3L,
S4B, and S4C). This suggests that Hsp104 promotes SLPT of aggregates formed in the absence of HSP104. Together, these data support
the conclusion that Hsp104 is required for SLPT.
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Figure 3. Hsp104 is required for the solid to liquid-like transition

(A) Dissolution of FlucSM-GFP labeled aggregates in hsp1044 cells during a 90 min time course showing not only failure for aggregates to dissolve, but also lack
of fusion. Pink arrows indicate individual aggregates and teal arrows aggregates that cluster together but do not stay together. Scale bar, 2 um.

(B) Lineage trace and aggregate number over time for images in (A). Pink arrows represent events where a clustered aggregate moves apart and green arrows
represent when they come together. The color represents the mean intensity of the aggregate in the track; pink represents high intensity while blue represents
low intensity aggregates.

(C and D) Normalized mean whole cell and aggregate intensity (C) and normalized aggregate number per cell (D) of FlucSM-GFP labeled aggregates following
HS. Time represents the number of min after shifting back to permissive temperature of 30°C (WT n = 3 movies and 96 cells and hsp1044 n = 3 movies and 110
cells). Error bars represent SD. Images were taken alongside and compared to WT from Figure 1D.

(E) Representative FLIP kymograph of a FlucSM-GFP labeled aggregate in hsp 1044 cells 0 and 30 min after HS. For O min after HS: the bleached region (black line)
and non-bleached region (gray line). For 30 min after HS: the bleached region (pink line) and non-bleached region (light pink line) and the fluorescence loss in
these two examples is quantified in (Figures S4G-S4J). Scale bar, 1 pm.

(F) Mean normalized aggregate intensity and SEM for FLIP experiments (n = 8 for hsp1044 0 min, and n = 14 for hsp 1044 30 min). Control normalized fluorescence
intensity of a non-bleached aggregate in the same field as the bleached aggregates at 0 min time point in hsp1044 cells (n = 8 aggregates).

(G) Immobile fraction in hsp1044 cells compared to WT (Figure 1) and error bars represent SD. Individual data points represent the immobile fraction of a single
non-bleached aggregate half. Statistical analysis was performed via a one-way ANOVA with a p value < 0.05 followed by a Tukey post hoc test with the following
significance cut-off: not significant (ns): p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

(H) Schematic of Hsp104 induction experiment in hsp1044 background.

(I) Aggregates were allowed to form in the absence of Hsp104 and Hsp104 expression was induced with estradiol (ethanol as a solvent control) and images from
30 min time intervals after HS. Scale bar, 2 um. Note the intensity is scaled differentially for t = 1 to prevent overexposure of following images.

(J) Mean aggregate number per cell decreases with the induction of Hsp104 expression in hsp1044. Each dot represents the average number of aggregates per
cell in one field (n = 3 fields each). Error bars represent the SD.

(K and L) Representative FLIP kymograph of hsp1044 cells induced with Hsp104 expression for 2 h with estradiol (K) and quantification of the mobile vs. immobile
fraction (L) (n = 13 aggregates). Scale bar, 1 um.

Hsp104 chaperone activity is required for solid-to-liquid phase transition

Hsp104 is a molecular chaperone that requires both substrate binding and ATPase activity to dissolve protein aggregates.'® To determine
which or both Hsp104 activities are required for SLPT, we examined aggregate dissolution, fusion, and SLPT in cells that expressed a
Hsp104 variant defective in substrate binding (Hsp104"2574)?%?¢ or ATP hydrolysis (Hsp104P"8) % or a potentiated variant with a missense
mutation in helix 3 that enhances aggregate dissolution in vitro and suppresses proteotoxicity induced by WT TDP-43, FUS, and a-synuclein
(Hsp104A503V) (Jackrel et al., 2014; Tariqg et al., 2018) in the hsp1044 background (Figure 4A). We found that aggregates labeled with FlucSM-
GFP in the hsp 104 mutant defective in substrate binding or ATP hydrolysis not only did not dissolve but also did not fuse (Figures 4B—4D). FLIP
assays confirmed that aggregates in hsp104"%°7A and hsp104°"® mutants remained solid-like even after a 30 min recovery (Figures 4E-4J).
Surprisingly, aggregates dissolved moderately, but not significantly, slower than WT in cells that expressed the potentiated variant
Hsp104°%0% (Figures 4C, S4D, and S4E). The fluorescence intensity of aggregates was on average 3x brighter in hsp104°°%%" cells compared
to WT (Figure S4L). FLIP assay showed that SLPT also occurred in this potentiated mutant during dissolution (Figures 4E-4J). This data sug-
gests that the chaperone activity of Hsp104 is required for SLPT of protein aggregates in vivo.

Hsp104 is known to function with Hsp70 chaperones (Tessarz, Mogk and Bukau, 2008, 2008; Glover and Lindquist, 1998). SSA1, SSA2, SSA3
and SSA4 encode the yeast Hsp70 proteins that function to assist Hsp104 in disaggregation and refolding.”’~*? Ssa1, Ssa2, and Ssa3 were
enriched in aggregates; however, the single KO mutants did not exhibit a dissolution defect (Figures SSA-S5C). To test the combined effects
of disrupting these Hsp70 proteins, we compared aggregate dissolution between the ssal™ ssa24 ssa34 ssa4d4 quadruple mutant* to WT
and hsp1044. FlucSM-GFP aggregates in the ssa1® ssa24 ssa34 ssa44 mutant background were able to fuse and dissolve, albeit slower than
WT (Figures 5A-5D). FLIP assay showed a significant difference in the immobile fraction from 0 to 30 min in ssa 1™ ssa24 ssa34 ssa44 mutant
cells (Figures 5E, 5G, 5H, and 5J), suggesting that SLPT occurred in this mutant. However, only 65% of aggregates exhibited high diffusion in
ssal®™ ssa24 ssa34 ssadA cells; in comparison, 88% of WT cells did so after a 30 min recovery, although the immobile fraction was not signif-
icantly different between the aggregates that had higher molecular mobility (Figures S5F and S5G).

Sse1, identified as a hit in our screen, is the nucleotide exchange factor for the Hsp70 chaperones. Sse1 cells showed a similar decrease in
average aggregate intensity after HS to ssal®™ ssa24 ssa34 ssa44, but the decline in aggregate number occurred more slowly (Figures 5A—
5D). This could be a result of aggregate fusion being impaired, as observed through time-lapse microscopy (Figure 5A). FLIP assay showed
that sse1A aggregates did not undergo SLPT (Figures 5F and 5I-5J), as there was not a significant difference in the immobile pool between
0 and 30 min. Sse1 is also a co-chaperone of Hsp90, yet Hsc82, the main cytoplasmic Hsp%0 in yeast, did not have a dissolution defect in our
screen (Figures S5B and S5C). These data suggest that Hsp70 proteins may not be required for SLPT but are important for aggregate disso-
lution, whereas Sse1 plays an important role in SLPT independent of its function with Hsp70 or Hsp90 chaperones.

Hsp104 is required also for aggregate dissolution after solid-to-liquid phase transition

Finally, we investigated whether Hsp104 is continuously required for aggregate dissolution after SLPT. In this experiment, aggregates were
allowed to form in WT cells under HS; Hsp104 activity was then inhibited with guanidine hydrochloride (GAnHCI)>%*° either immediately after
HS, when aggregates were solid, or after a 30 min recovery, when aggregates had mostly undergone SLPT (Figures 4A and 4B). As expected,
inhibiting Hsp104 right after the formation of aggregates phenocopied hsp 1044 (Figure 6A). Whole cell FlucSM-GFP levels did not increase
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Figure 4. Hsp104 activity is required for the solid to liquid-like transition after HS

Immobile fraction

(A) Schematic of Hsp104 and point mutations that affect chaperone activity that are used in our study. Color labels are consistent for these mutants in graphs C, D,

|, and J.

(B) Montages of FlucSM-GFP labeled aggregates in cells with indicated Hsp104 mutations recovering from HS over 150 min time lapse movie. Scale bar, 2 pm.
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Figure 4. Continued

(C and D) Normalized mean aggregate intensity (C) and normalized aggregate number per cell (D) of FlucSM-GFP labeled aggregates following HS. Error bars
represent SD. (Hsp104 WT n = 3 movies and 132 cells, hsp104*°%%Y n = 3movies and 132 cells, hsp 104724 n = 3movies and 146 cells, and hsp104°E n = 3movies
and 143 cells).

(E and H) Representative kymographs of FlucSM-GFP labeled aggregates in Hsp104 variant backgrounds at O min and 30 min after HS in cells expressing WT
Hsp104 (E), Hsp104°°%% (F), Hsp104Y257A (G), Hsp104PYB (H). For O min after HS: the bleached region (black line) and non-bleached region (gray line). For
30 min after HS: the bleached region (pink line) and non-bleached region (light pink line).

() Normalized mean aggregate intensity and SEM for FLIP experiments acquired in cells expressing WT Hsp104 (n = 15 and 20), Hsp104%%V (n = 20 and 19),
Hsp104Y257A (n =10 and 13), and Hsp1O4DWB (n =21 and 15) 0 and 30 min after HS. Scale bar, 0.5 pm. Control normalized fluorescence intensity of a non-
bleached aggregate in the same field as bleached aggregates at 0 min time point in WT Hsp104 cells (n = 8 aggregates).

(J) Immobile fraction from the non-bleached half from FLIP experiments. Individual data points represent a single non-bleached aggregate half. Statistical
analysis was performed via a one-way ANOVA with a p value < 0.05 followed by a Tukey post hoc test with the following significance cut-off: not significant
(ns): p > 0.05, *: p < 0.05, **: p < 0.01, **: p < 0.001, ****: p < 0.0001.

with GdnHCl treatment (Figure S4N). Interestingly, inhibiting Hsp104 at 30 min after HS prevented the dissolution of aggregates even after
SLPT (Figures 6B and 6D). FLIP experiments confirmed that these remaining aggregates remained in the liquid-like state after treatment with
GdnHCI for 60 min (Figures 6E-6l). This data suggests that Hsp104 is required for both SLPT and the subsequent dispersal of the protein
aggregates from the liquid-like state. Hsp104 inhibition with GdnHCI treatment was reversible and upon removal of the drug, aggregates
were able to be dissolved as aggregate number decreased over time, albeit slower than WT (Figure S40).

DISCUSSION

In this work, we established the steps involved in the dissolution of solid protein aggregates after acute heat stress, although it does not
appear that these steps are strictly temporally separated. First, the solid aggregates cluster together. Second, the clustered aggregates
undergo SLPT driven by the chaperone action of Hsp104, which allows the aggregates to fuse and reduce in number. Lastly, the liquid-
like condensates complete dissolution in an Hsp104 chaperone-dependent manner.

Disease mutations in prion-like proteins such as Fused in Sarcoma (FUS) or polyglutamine expansions in the Huntingtin protein shift from
liquid-like to solid-like condensates with fibrillar structures.’®'“>* Similar phenomena are also observed with tau'> and a-synuclein,'® which
are implicated in Alzheimer's disease and Parkinson’s disease, respectively. These studies suggested a link between changes in the phase
property of protein aggregates and disease progression. Our findings suggest that the dissolution of solid protein aggregates can go
through a reverse process involving SLPT and a liquid-phase intermediate. Several previous studies showed that protein aggregates in yeast
are able to fuse but did not characterize the molecular changes that enabled fusion.>*>¢ SLPT makes the subsequent fusion a spontaneous
process. While our results indicated that the observed SLPT is not limited to aggregates of the model substrate FlucSM, it will be interesting to
investigate if a similar process applies to the dissolution of aggregates formed under other types of stress or in metazoan organisms.

By screening the effects of KO mutants affecting components of the HS-induced protein aggregates, we identified several proteins that
play roles in aggregate dissolution. The most prominent hit was Hsp104; the yeast cytosolic disaggregase. It was surprising, however, that
Hsp104 is required for the SLPT step in aggregate dissolution as well as the subsequent dispersal of the liquid condensate. Structural and
biochemical studies led to the model that Hsp104 disaggregates by threading misfolded polypeptide through its hexamer ring.”*"° It is
possible that the resulting unfolded polypeptides exhibit low-affinity interactions with each other and the ionic environment to form a
liquid-like state. Another possibility is that the unthreading activity of Hsp104 helps order misfolded proteins into a liquid crystal-like
arrangement. This ordering would be energetically favorable if the hydrophobic domains of misfolded proteins align within the liquid crystal.
A recent study in human cells observed anisotropic liquid crystal structures formed with nuclear TDP-43, which is dependent on HSP70s for
maintenance.*

Ostwald ripening may underlie the growth of the liquid-like protein aggregates when larger aggregates get larger at the expense of
smaller aggregates. This is a very interesting concept, however it is difficult to determine experimentally as our system is dissipative. Not
only are protein aggregates undergoing an SLPT during dissolution, but proteins are also being refolded and degraded. In our experimental
conditions, FlucSM-GFP levels remained largely constant during the SLPT (Figures 1E, STF and S1G) as protein aggregates are being
refolded, degraded, and new protein is synthesized. Our previous study showed that FlucSM-GFP can be degraded by the mitochondria-
associated MAGIC pathway and proteosomes.’® Degradation was apparent only in the presence of cycloheximide with kinetics slower
than dissolution. More work is needed to understand how the disaggregation of misfolded proteins and their phase properties are connected
to and contribute to downstream processes such as degradation and refolding.

While Hsp104 was the major hit in our screen, we also identified several other regulators of aggregate dissolution such as Xrn1, Pfk1, and
Ssel. Ssel, an HSP110 family chaperone, is a nucleotide exchange factor that loads ATP onto the SSA family of HSP70s.%* Its role in aggre-
gate dissolution is in line with our observation that the ssa-4 quadruple mutant showed a strong dissolution defect. In addition to its function
with Hsp70s, Sse1 is also the ATPase component of Hsp90s. Hsc82, the chaperone of the Hsp90 family, is enriched in aggregates, yet did not
have a dissolution defect in our screen. A recent study suggests that Sse1 may help recruit Hsp104 to protein aggregates independently of its
ability to interact with Hsp70,%” and this could possibly explain Sse1’s role in SLPT. HSP70 and their HSP110 family co-chaperones have been
implicated in the dissolution of protein aggregates in mammalian cells, and it will be interesting to investigate whether the role in SLPT is a

. 29,30,32,33,56,5
conserved function.?”20:32:33,56:58
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Figure 5. The role of Hsp70 chaperones in aggregate dissolution

(A) Time-lapse images of FlucSM-GFP labeled aggregates in cells in indicated strain backgrounds over 2 h. Scale bar, 2 um.

(B and C) Normalized mean aggregate intensity (B) and normalized aggregate number per cell (C) of FlucSM-GFP labeled aggregates following HS. Error bars
represent SD. (WT n = 3 movies and 96 cells, hsp1044 n = 3 movies and 110 cells, the ssa1® ssa24 ssa34 ssa44 n = 3 movies and 91 cells, sseT4 n = 3 movies and
91 cells). ssa1® ssa24 ssa34 ssa44 plotted alongside WT (Figure 1), sse (Figure 2), and hsp104 (Figure 3).

(D) Half-time of aggregate dissolution for aggregate number and intensity. Statistical analysis was performed via a one-way ANOVA with a p value < 0.05 followed
by a Tukey post hoc test with the following significance cut-off: not significant (ns): p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

(E and F) Kymographs of bleached aggregates for FLIP experiments in ssa1® ssa24 ssa34 ssa44 (E) and sselA (F). Scale bar is 1 pm.

(H and ) Normalized fluorescence intensity for FLIP experiments (H) and () respectively. (ssa1™ ssa24 ssa34 ssa44 n = 21 and n = 26 for 0 and 30 and for sseTA n =
11 and n = 10 for 0 and 30). Control normalized fluorescence intensity of a non-bleached aggregate in the same field as bleached aggregates at 0 min time point
in ssal® ssa24 ssa34 ssa44 cells (H, n = 14 aggregates) and sseTA cells (I, n = 11 aggregates).

(G and J) Half-life (G) and immobile fraction (J) plotted alongside WT (Figure 1) and hsp104A (Figure 3). Statistical analysis was performed via an unpaired two-
tailed t-test (G) and a one-way ANOVA (J) with the same significance cut-offs as in (D).

Xrn1 is the major 5 to 3’ exonuclease in the cytoplasm and is highly conserved. xrn14 cells formed many small aggregates after HS that
did not fuse together, yet they were able to dissolve. However, as these aggregates were small and dim, it was technically not possible to
probe their dynamics in an FLIP assay. A study showed that in C. elegans embryos, Pacman/Xrn1 and other decapping factors help cluster
mRNAs and may have a similar role in germ granules.”” The fact that Xrn1 is enriched in aggregates and has a role in aggregate
dynamics suggests that there may be RNA in our aggregates that could contribute to their phase behavior. This is supported by the
fact that there are many RNA binding proteins enriched in aggregates’® and that the formation of aggregates is dependent upon active
translation.

The role of Pfk1, the alpha subunit of phosphofructokinase, in aggregate dissolution may be explained by its enzymatic role in glycolysis,
which we previously showed to be the main process that produced ATP for cytosolic aggregate dissolution.*® Pfk2, the beta subunit of phos-
phofructokinase, has been shown to be required for glucose starvation induced aggregate dissolution in a PKA-dependent manner.*’
Supporting this, 9 out of 15 glycolytic enzymes were found to be enriched in aggregates.”’ Itis possible that concentrating glycolytic enzymes
in protein aggregates provides mechanism for the localized ATP production to fuel chaperone-mediated aggregate dissolution, as the ATP
hydrolysis activity of Hsp104 is one factor that can regulate aggregate number and size.” In addition, a high local concentration of ATP could
serve as a hydrotrope as previously proposed®' to directly facilitate aggregate dissolution.

Limitations of the study

Our main conclusion that protein aggregates formed after HS undergo an SLPT after stress attenuation which is dependent upon Hsp 104, was
mainly based on genetic analysis and imaging-based methods. In vitro biochemical methods, especially one that could enable the direct
assessment of the activity of Hsp104 in the SLPT and dissolution process, should provide additional evidence and insight. In addition, our
work is limited to yeast cells. Future work in other cell types and species should shed light on the generality of our findings of a solid-to-liquid
phase transition in the dissolution of misfolded protein aggregates.
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Figure 6. Aggregates must first undergo a Hsp104 dependent phase transition before dissolution

(A) Schematic illustrating that aggregates were allowed to form in WT cells, and 0 min after HS, Hsp104 was inhibited with GdnHCI. Representative maximum
intensity projection images are shown every 30 min. Scale bar, 2 um. Pink arrows represent individual aggregates and teal arrows aggregates that cluster
together.
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Figure 6. Continued

(B) Same as (A) but Hsp104 was inhibited 30 min after HS.

(C and D) Average aggregate intensity does not decrease with Hsp104 inhibition when added at either time point (C) nor does the normalized aggregate number
per cell with Hsp104 inhibition (D) (WT 0 min n = 2 and 110 cells, 0 min + GdnHCl n = 3 and 140 cells, WT 30 m in n = 2 and 106 cells, and 30 min + GdnHCI n = 3and
114 cells).

(E and F) Representative FLIP kymograph of a FlucSM-GFP labeled aggregate when Hsp104 was inhibited with GdnHCl for 1 h after 0 min (E) and 30 min after HS
(F). For 0 min after HS: the bleached region (black line) and non-bleached region (gray line). For 30 min after HS: the bleached region (pink line) and non-bleached
region (light pink line). Scale bar, 0.5 pm.

(G) Quantification of the fluorescent loss of the bleached half and non-bleached half of aggregates in (E&F).

(H) Normalized mean aggregate intensity and SEM for FLIP experiments acquired in cells with Hsp104 inhibited O min and 30 min after HS (n = 14 and n = 25
respectively). Control normalized fluorescence intensity of a non-bleached aggregate in the same field as bleached aggregates at 0 min time point in cells
inhibited with GdnHCl at 0 min (n = 10 aggregates).

(I-K) Decay rate k(l), half-life (J), and immobile fraction (K) from the non-bleached half from FLIP experiments compared to WT and hsp1044. Individual data point
represent a single bleached aggregate and statistical analysis was performed via an unpaired two-tailed t-test (I-J) and a one-way ANOVA (K) with the following
significance cut-off: not significant (NS): p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Pgk1 mouse monoclonal antibody Invitrogen Cat #: 459250; RRID:AB_2532235
lot UK2878625A

GFP Living Colors A.v. mAb clone JL-8 Takara Bio Cat #: 632381; RRID:AB_10013427 lot 5

IRDye 800CW Goat anti-Mouse LI-COR Cat #: 926-32210; RRID:AB_621842
lot C91210-09

IRDye 680RD Goat anti-Rabbit LI-COR Cat #: 926-68071; RRID:AB_10956166
lot D11012-15

Bacterial and virus strains

NEB 5-alpha Competent E. coli (High Efficiency) NEB Cat #: C2987

Chemicals, peptides, and recombinant proteins

B-estradiol Sigma-Aldrich Cat #: E2758-1G

Guanidine hydrochloride (GdnHCI) Invitrogen Cat #: 15502-016

Concavalin (ConA) Sigma Cat #: L7647

G418 Corning Cat #: 61-234-RG

Critical commercial assays

1x Bolt™ LDS sample buffer Invitrogen Cat #: BO008

10-well 4-12% NuPAGE Bis-Tris gel Invitrogen Cat #: NW04122BOX

Precision Plus Protein™ Dual Color Standard Bio-Rad Cat #: 1610374

iBlot™ 2 Transfer Stacks, PVDF, mini Invitrogen Cat #: 1B24002

Odyssey Blocking Buffer LI-COR Cat #: 927-40000

Bovine serum albumin (BSA) Sigma Cat #: A9647

Frozen-EZ Yeast Transformation Il Kit Zymo Research Cat #: T2001

Gibson Assembly Master Mix NEB Cat #:M5510A, lot 10056329
Experimental models: Organisms/strains

MATa his3A1; leu2A0; met15A0; ura3A0 N/A RLY10351
trp::p TDH-FlucSM-GFP-3xFLAG-KanMX Ruan, L. et al., 2017.%° RLY8595
Ahsp104::KanMX;amp:FlucSM-GFP-3xFLAG-3xFKBP-HIS3; Ruan, L. et al., 2017.%° RLY8653
trp::MTS-mCherry-GFP1-10-NatMX

tro::pTDH-FlucSM-GFP-3xFLAG-URA3 This manuscript RLY10354
trp::p TDH-FlucSM-mEos3.2-3xFLAG-KanMX This manuscript RLY10355
ALD6-RFP-HPH trp::pTDH-FlucSM-GFP-3xFLAG-KanMX This manuscript RLY10356
CDC19-GFP-HIS trp::pTDH-FlucSM-mCherry-3xFLAG-KanMX This manuscript RLY10357
SUP45-GFP-HIS trp::pTDH-FlucSM-mCherry-3xFLAG-KanMX This manuscript RLY10358
ALDé6-GFP-HIS GFP library RLY10359
tro::pTDH-FlucSM-GFP-3xFLAG-URA3; trp::MTS-mCherry-NatMX This manuscript RLY10360
Ahsp104::KanMX; trp::pTDH-FlucSM-GFP-3xFLAG-URA3; This manuscript RLY10361
trp::MTS-mCherry-NatMX

Apfk1::KanMX; trp::p TDH-FlucSM-GFP-3xFLAG-URA3; This manuscript RLY10362
trp::MTS-mCherry-NatMX

Axn1::KanMX; trp::pTDH-FlucSM-GFP-3xFLAG-URA3; This manuscript RLY10363

tro::MTS-mCherry-NatMX
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Asse1::KanMX; trp::pTDH-FlucSM-GFP-3xFLAG-URA3,; This manuscript RLY10364

trp::MTS-mCherry-NatMX

Anew1::KanMX; trp::pTDH-FlucSM-GFP-3xFLAG-URA3; This manuscript RLY10365

tro::MTS-mCherry-NatMX

Aaro4::KanMX; trp::pTDH-FlucSM-GFP-3xFLAG-URA3; This manuscript RLY10366

trp::MTS-mCherry-NatMX

Aalt2::KanMX; trp::pTDH-FlucSM-GFP-3xFLAG-URAS3; This manuscript RLY10367

trp::MTS-mCherry-NatMX

Ahis4::KanMX; trp::pTDH-FlucSM-GFP-3xFLAG-URA3; This manuscript RLY10368

tro::MTS-mCherry-NatMX

Oligonucleotides

Hsp104 genotyping This manuscript AT36

GAG GAA GCT GAA GAATGT CTG G

Hsp104 genotyping This manuscript AT37

CTTTTG CTC GGG TGT CAAGTTC

Create FlucSM-GFP::URA3 plasmid gctggagctcTTCAATTCATCA This manuscript AT273:

TTTTTTTTTTATTCTTTTTTITTGATTTC

Create FlucSM-GFP::URA3 plasmid atgaattgaaGAGCTCCAGCT This manuscript AT274

TTTGTTC

Create FlucSM-GFP::URA3 plasmid gcaaaactaaGAGCTCAGTTT This manuscript AT218

ATCATTATCAATAC

Create FlucSM-GFP::URA3 plasmid aactgagctcTTAGTTTTGCTG This manuscript AT221

GCCGCATC

Create FlucSM-mEos3.2::KAN plasmid tgccagacgaGAATTCGAT This manuscript AT214

ATCAAGCTTATCGATACCGCAGGTGGC

Create FlucSM-mEos3.2::KAN plasmid tcgcactcatGGTGGCGAC This manuscript AT215

CGGCCGGTG

Create FlucSM-mEos3.2::KAN plasmid ggtcgccaccATGAGTGCG This manuscript AT216

ATTAAGCCAG

Create FlucSM-mEos3.2::KAN plasmid tatcgaattcTCGTCTGGCA This manuscript AT217

TTGTCAGG

Confirm GFP and mEos sequence This manuscript AT242

GGA AAA AGA GAT CGT GGA TTA CG

Integrate Hsp104 variants into genome AACAAAGAAAAAAGAA This manuscript AT521

ATCAACTACACGTACCATAAAATATACAGAATAT ATGAACGA

CCAAACGCAATTTAC

Integrate Hsp104 variants into genome This manuscript AT522

TAT ATT ACT GAT TCT TGT TCG AAA GTT TTT AAA AAT CAC

ACT ATA TTA AA GAG CAG ATT GTA CTG AGA GTG C

Hsp104 sequencing This manuscript AT443

CTG TAG GTA AGG GACTGATCC

Hsp104 sequencing This manuscript AT444

ATGAACGACCAAACGCAATTTAC

Hsp104 sequencing This manuscript AT445

GAC GTT CCC ACT ATC TTA CAA GG

Hsp104 sequencing This manuscript AT446

GCTGAACGTAGATATGATACTGC

Hsp104 sequencing This manuscript AT447

GCTGTTAGGCAACATTTCAGAC

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Create hsp104 overexpression plasmid tatactttaacgtcaaggagAT This manuscript AT440
GAACGACCAAACGCAATTTAC

Create hsp104 overexpression plasmid attcgcttatttagaagtggTTA This manuscript AT441
ATCTAGGTCATCATCAATTTCC

Ald6-GFP test primers CAGAATCTTTGAGCACAGGTTTG This manuscript AT478
Aldé-GFP test primers This manuscript AT479
CGT ATT GTC CCT GAT CCATACC

Sup45-GFP test primers This manuscript AT482
GGT ATT GGT GCC ATG CTG C

Sup45-GFP test primers This manuscript ATA483
CAA GTG ATG TTG CTG CTA GAG G

Cdc19-GFP test primers This manuscript AT486
CAG ATG CCC AAG AGC TGC TA

Cdc19-GFP test primers This manuscript ATA87
CAG AAG CTG AAC ATAGTT CACTGG

Xrn1 KO test primers CAAATATAACAGTTGCAGCTTGC This manuscript AT246
X1 KO test primers This manuscript AT248
GAG AAC AGG TTT GCC ATT ATG C

Pfk1 KO test primers This manuscript AT390
CGT CTACTC AAG TCT CGC C

Pfk1 KO test primers This manuscript AT391
CGC AGATTAAGC ACA CCC

Ssel KO test primers GAAGCCACATGAATTGAGAAAGGTAAGC This manuscript AT525
Ssel KO test primers This manuscript AT526
GAA TCA GAT GCT GAT GAA GGC TGG

New1 KO test primers CGAAAGATACAACAGAGCCATGTG This manuscript AT540
New1 KO test primers This manuscript AT541
CAC TCC CTA GTA CAA CCT CTT ACC

Aro4 KO test primers GGACGCATTGTTAGCTCATTGAATAC This manuscript AT528
Aro4 KO test primers This manuscript AT529
CTG CTACTT CAATAG CTG CCTC

Alt2 KO test primers This manuscript AT537
GAGGCTTCTCCTACTTGTTTGG

Alt2 KO test primers This manuscript AT538
GAA AGG AGG AGT CAC CAT AGG TG

His4 KO test primers This manuscript AT546
GAGCATTGCGATACGATGGGTC

His4 KO test primers This manuscript AT547
CCACTATAAACCCGTTCTTCATGGC

Glk1 KO test primers This manuscript AT543
CCTATCTTGGGCGTGGTGTC

Glk1 KO test primers This manuscript AT544

GTA ACT GGT TAG CGG CGG AG

Recombinant DNA

pJW1663
RLB1140
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Addgene

GapP-FlucSM-GFP-FLAG

Trp1p-TRP1-KAN

Plasmid #112037
Ruan, L. et al., 2017%°
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RLB1141 GapP-FlucSM-GFP-FLAG This manuscript
Trp1p-TRP1 Ura3p-URA3

RLB1142 GapP-FlucSM-mEos3.2-FLAG This manuscript
Trp1p-Trp1-KAN

RLB1143 pJW1663-Hsp104 This manuscript

Software and algorithms

ImageJ

MetaMorph Version 7.0
Carl Zeiss ZEN

Imaris Version 9.8.1

Graphpad Prism Version 9.4.1

NIH

MDS Analytical Technologies
Carl Zeiss

Oxford Instruments

Graphpad Prism

https://imagej.nih.gov/ij/
N/A

https://www.zeiss.com/

https://www.graphpad.com/

Image Studio (LI-COR) software LI-COR http://licor.com

Other

Yokogawa CSU-10 spinning disc on the side port of a Carl Zeiss N/A

Carl Zeiss 200-m inverted confocal microscope

(100x oil immersion lens, 1.45 NA objective)

Zeiss LSM880 confocal (63x oil objective, 1.4 NA objective) Carl Zeiss N/A

VWR Vistavision microscope slides, Plain, 3 x 1", 1 mm thick VWR Cat # 16004-430 LOT 42533
VWR micro cover glass, 22x22mm No. 1.5 VWR Cat # 48366-227, lot 21829
MatTek 35 mm glassbottom culture dish MatTek Cat #: P35G-1.5-14-C, lot TKO-P351173-409
TetraSpeck 0.1 uM diameter fluorescent beads TetraSpeck™ Cat #: 77279

iBlot 2 system Thermo N/A

LI-COR Odyssey® Fc Imaging system LI-COR N/A

Deposited data

AggregateDissolution_macro.ijm

CSV files to generate figures

Raw immunoblot files

35

This manuscript

This manuscript

Mendeley Data, V1, https://doi.org/
10.17632/n666jb2zhp.1
Mendeley Data, V1, https://doi.org/
10.17632/n666jb2zhp.1
Mendeley Data, V1, https://doi.org/
10.17632/n666jb2zhp.1

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding authors, Rong Li

(rong@jhu.edu) or Jian Liu (jliu187@jhmi.edu).

Materials availability

All strains and plasmids generated in this study are available upon request from the corresponding author.

Data and code availability

e All data needed to evaluate the conclusions are available in the manuscript. All files that were used to generate the figures in the manu-
script and raw immunoblot files have been deposited to the Mendeley Data general-purpose repository and can be found here: tom-
aszewski, alexis (2023), "Solid-to-Liquid Phase Transition in the Dissolution of Cytosolic Misfolded-Protein Aggregates ”, Mendeley

Data, V1, https://doi.org/10.17632/n666jb2zhp.1.

e This study utilized previously published code to calculate the average aggregate intensity over time for dissolution analysis and the

ImageJ macro is available in Mendeley Data as AggregateDissolution_macro.ijm.
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e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request, such
as the raw imaging datasets that have not been deposited in a public repository because of the large size of the imaging files and
screening data.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Yeast saccharomyces cerevisiae

Yeast strains used in this study are based on the BY4741 strain background. Gene deletions and GFP tagging were performed with PCR medi-
ated homologous combination and the integration was confirmed through PCR.%? Photoconvertible FlucSM-mEos3.2 was created by replac-
ing the GFP in the FlucSM-GFP plasmid with the mEos3.2 fluorophore.*’

To generate the strains for the aggregate subset screen, a plasmid encoding FlucSM-GFP was transformed into the KO strains that had the
mitochondria labeled with MTS-mCherry-GFPq_1¢ with the Frozen-EZ Yeast Transformation Il Kit following the microscale protocol in 96-well
format (T2001, Zymo Research). Knockout strains with MTS-mCherry-GFP; ;o were grown in deep-well plates containing 1 ml of YPD media
with G418 (200 pg/mL, Corning, Cat #: 61-234-RG). The transformation was carried out with the epMotion 5075 liquid handling workstation
(Eppendorf) and 150 pul of refreshed logarithmic phase cultures plus 0.2 pg of Bsu36l (NEB, Cat #: R0524S) linearized FlucSM-GFP-URA3 DNA
were added to the Frozen-EZ Yeast solution mix. The transformation mixtures were incubated for 2 hours at 30°C. Following incubation, they
were transferred into deep-well plates with 4 volumes of SD-Ura media with shaking at 250 rpm at 30°C for outgrowth for 5 days.

To create a plasmid to induce expression of Hsp104, HSP104 gene was cloned into a plasmid containing the B-estradiol-inducible system
(from pJW1663, Addgene plasmid #112037). pJW1663 was digested with EcoRl and Ascl, replacing the GFP sequence with Hsp104, and then
stably integrated into yeast genome.”® The hsp104 variant plasmids were kindly provided by J. Shorter’s laboratory. The variant genes were
amplified through PCR and integrated into yeast genome to replace the Ahsp104::KANMX allele at the endogenous HSP104 gene in strains
expressing FlucSM-GFP.

Yeast cells were grown in synthetic complete (SC) medium and cultured overnight at 30°C (23°C for temperature-sensitive mutants). The
overnight cultures were diluted into a 5 ml culture, grown for 4 hours to reach a logarithmic phase with an optical density (ODggo) of roughly
0.5, and transferred to 42°C shaker to be heat shocked for 30 min with rotation. Following heat shock, cells were recovered at 30°C.

METHOD DETAILS

Microscopy

Live-cell images of yeast were acquired on a Yokogawa CSU-10 spinning disc on the side port of a Carl Zeiss 200-m inverted confocal micro-
scope (100x oil immersion lens, 1.45 numerical aperture (NA) PlanApochromat objective, 13-150.5 pm Z-slices covering a 6.5 to 7.5 um range)
and FLIP and photoconversion assays were performed using a Zeiss LSM880 confocal (63x oil objective, 1.4 NA PlanApochromat objective,
single slices). Images were acquired using MetaMorph (version 7.0; MDS Analytical Technologies) on a CSU-10 spinning disc system and Carl
Zeiss ZEN software on the LSM880. The 448 nm and 561 nm excitation lasers were used to excite GFP or mCherry respectively, and the emis-
sion was collected through the appropriate filters onto a Hamamatsu C9100-13 EMCCD on the spinning disc confocal system.

Yeast cells were grown in synthetic complete (SC) medium and cultured overnight at 30°C (23°C for temperature-sensitive mutants). The
overnight cultures were diluted into a 5 ml culture, grown for 4 hours to reach a logarithmic phase with an optical density (ODggo) of roughly
0.5, and transferred to 42°C shaker to be heat shocked for 30 min at 160 rpm. For single time pointimaging, 1 ml of the refreshed culture was
concentrated through centrifugation to ~10 ul and 1 pl was applied to a microscope slide. For 3D fluorescence time-lapse imaging, 1 ml of the
refreshed mid-log culture was concentrated through centrifugation to ~100 pl and applied to a Concavalin (ConA) coated 35-mm glass-
bottomed dish for 5 min to immobilize the yeast. Cells were washed with SC media and fresh SC medium was added (or SC with drugs where
indicated) prior to imaging. 3D image stacks with 15 0.5 uM steps were acquired every minute for 90-150 min. Image processing was per-
formed using Image J (NIH) or Imaris software. All representative images in this paper were displayed as maximum intensity projections.

Aggregate dissolution assays

Aggregates were induced with a 30 min heat shock at 42°C with shaking. Cells were recovered for 10 min at 30°C or 23°C (for temperature
sensitive mutants), adhered to a ConA coated 35-mm glass-bottomed dish for 5 min to immobilize the yeast, and washed in fresh media prior
to imaging at room temperature. Since aggregates recovered for 10 min with rotating and 5 min on a dish, the 0 time point of movies is
roughly 15 min with recovery.

Aggregate dissolution assays were performed on a Yokogawa CSU-10 spinning disc on the side port of a Carl Zeiss 200-m inverted
confocal microscope described above. FlucSM-GFP labeled aggregates were imaged with a 200 ms exposure and 6% laser power, 13-15
0.5 um Z-slices covering a 6.5 to 7.5 um range, for 1 minute intervals until aggregates dissolved (90 — 150 min). The pixel size was
0.144578 um/pixel.

Allimages were processed as follows. First, a maximum intensity projection was made using the Z stack images. Secondly, the background
was subtracted using ImageJ and a rolling ball radius of 50.0 pixels. Aggregate dissolution assays were quantified as described previously.*
Briefly, to calculate the average aggregate intensity, first a mask of the cell, a mask of the aggregates, and the cytoplasm (excluding aggre-
gates) was generated. Then we could generate the average aggregate area, average intensity, and average cell intensity excluding the ag-
gregates. The average intensity in the cytoplasm was subtracted from the average aggregate region intensity and multiplied by the average
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aggregate area for each time point to generate the average aggregate intensity. This was normalized to the average aggregate intensity at
the first three time points for comparisons between strains and conditions. Image intensities have been scaled so that the cell background can
be seen as a reference for where the cells were relative to the protein aggregates for visualization purposes. Because some strains have higher
aggregate intensities than others, some images may appear saturated but the fluorescence intensity of the images is well below the range of
saturation and imaged uniformly amongst strains and conditions.

To calculate the average aggregate number per cell, the maximum intensity projection was background subtracted and then smoothened
in ImageJ and local maxima were used to detect the number of spots in a field. The number of cells were counted, and the number of spots
were divided by the number of cells to obtain the average aggregate number per cell at 10 to 30 min intervals for movies. To calculate the half-
time of aggregate dissolution, the time in which aggregates decreased to 50 % was indicated for both intensity and number for 3 movies.

Aggregate subset screen

Yeast KO strains with deletion of genes encoding aggregate enriched proteins were grown and prepared similarly to aggregate dissolution
assays, except aggregates were imaged at single time points before HS, immediately after a 30 min HS (0 min) at 42°C, and after a 30 min
recovery at 30°C (30 min). Imaging was performed on a Yokogawa CSU-10 spinning disc on the side port of a Carl Zeiss 200-m inverted
confocal microscope described above. FlucSM-GFP labeled aggregates were imaged with a 200 ms exposure and 6% laser power,
13 0.5 um Z-slices covering a 6.5 pum range, for single time point images. The pixel size was 0.144578 um/pixel. Three fields were acquired
for each strain at each time point. Aggregate number at 0 and 30 min was calculated for each strain and compared to WT. The strains
with a significantly greater number of aggregates at after HS that persisted into 30 min recovery were selected for further validation and
detailed characterization.

FLIP experiments

For FLIP assays, cells were prepared on either slides or on ConA coated dishes (for drug treatments experiments) and a single image was
acquired for each time point. FLIP assays were performed using a Zeiss LSM880 confocal described above. FlucSM-GFP labeled aggregates
were imaged with 1% laser power with a 63x oil objective with 15x zoom resulting in a 9 x 9 um imaging region. The pinhole was set to 565 um
and the pixel dwell time was 0.24 ps. Two frames were acquired before photobleaching, and then half of an aggregate was continuously
bleached with a laser power of 30% for the duration of the 44 sec movie for 100 time points. The pixel size was 0.017581 um/pixel.

To quantify the intensity over time, the mean intensity was calculated for the bleached region and non-bleached region and corrected for
photobleaching by subtracting the mean cytoplasmic intensity for each time point. Non-bleached aggregates were quantified in the same
cell or neighboring cells in the same field as photobleached aggregates. To estimate exponential decay rates, the curves were fit to y=yoe™.
Since we normalized all FLIP curves to the initial intensity at the start of the movie, yo was set to 1. All negative values for corrected region of
interests were omitted for exponential fitting analysis when the bleached regions showed a similar intensity to the cell background. The half-
life was determined by the formula ty,=In(2)/k. The immobile fraction was calculated by comparing the mean intensity of the curves at the end
of the movies and the value at this last time point was used for statistical analysis.

Photoconversion

For mEos3.2 photoconversion assays, cells were prepared on ConA coated dishes after HS on a Zeiss LSM880 confocal described above (63x
oil objective) with 5x zoom resulting in a 26.99 x 26.99 um imaging region. The pinhole was set to 55 um and the pixel dwell time was 0.38 ps.
2 images were acquired prior to photoconversion with both the 488 nm and 561 laser with a laser power of 1% each at a single focal plane.
Then, the 405 nm laser was used to convert an entire aggregate for 8 iterations at a single z slice. Following photoconversion, 3D image stacks
with 7 0.5 pM steps were acquired every two minutes using both 488 nm and 561 nm excitation lasers (1% laser power) until dissolution was
complete. The pixel size was 0.052715 pm/pixel.

We performed deconvolution analysis on the FluSM-mEos3.2 photoconversion experiments using TetraSpeck T7279 0.1 uM diameter fluo-
rescent beads that allowed us to determine the point spread functions for the LSM880 confocal microscope through the Deconvolution 2
plugin in ImageJ. We quantified the aggregate intensity for the photoconverted aggregate relative to the original aggregate it merged
with. First, we created a mask of the photoconverted aggregate ROl over time. Next, we quantified the aggregate intensity in both channels
for each ROI. Then we normalized the intensity to t = 44 min for quantification.

Circularity

To measure aggregate circularity, a mask was made of the aggregates and circularity was measured with the formula 4w *area/perimeter?)
and compared at 15 min time intervals during dissolution. Aggregates with an area less than 10 pixels were omitted for analysis because they
were too small for their shape to be resolved.

Lineage tracing

To track the fate of individual aggregates during dissolution, we used Imaris 9.8.1 software to detect and track aggregates. First we used spot
detection to identify aggregates in a single cell. Then we used the tracking feature and set the max gap to 2 frames. We connected or
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disconnected objects to amend the results of the automated tracking technology. From there we were able to generate a lineage tree with
branches to depict clustering and fusion events. For cells with >10 aggregates, we showed only a subset of the tracks for visualization pur-
poses. We then statistically coded the aggregate tracks by the mean intensity of the aggregate for each track.

Immunoblot analysis

Yeast overnight cultures were diluted into a 5ml culture and grown 4 hours to reach a logarithmic phase with an OD that was roughly 0.5 and
transferred to 42°C shaker to be heat shocked for 30 min. Samples were pelleted, washed with 1 ml of H20, and snap frozen in liquid nitrogen.
Samples were resuspended in 50 pL of autoclaved H20. 150 plL of 0.2N NaOH and 10 uL of beta-mercaptoethanol (BME) were added. The
samples were incubated on ice for 10 minutes and then vortexed at top speed at 4°C. the supernatant was discarded and the pellet was re-
suspended in 200 pl 1x Bolt™ LDS sample buffer (Invitrogen, Cat #: BOO08) supplemented with 10% BME. Samples were boiled for 15 minutes,
centrifuged, and then vortexed prior to loading 15 pl of each sample onto a 10-well 4-12% NuPAGE Bis-Tris gel (Invitrogen, Cat #:
NWO04122BOX) along with 10 pL Precision Plus Protein™ Dual Color Standard (Bio-Rad, Cat #: 1610374). SDS-PAGE gels were run according
to manufacturer’s recommendation.

The gel was next transferred to a PVDF membrane (Invitrogen, Cat #: 1B24002) using the iBlot™ 2 transfer system. Membranes were
blocked in Odyssey Blocking Buffer (PBS) (LI-COR, Cat #: 927-40000) for 1 hour at room temperature followed by overnight incubation in pri-
mary antibody in 5% bovine serum albumin (BSA, Sigma, Cat #: A9647) in 1x TBS with 0.1% Tween-20 (1x TBSTw). Pgk1 mouse monoclonal
antibody (1:3000 dilution, Invitrogen, Cat #: 459250) and GFP Living Colors A.v. mAb clone JL-8 (1:1000 dilution, Takara Bio, Cat #: 632381).
The membrane was washed 4x for 10 min with shaking in 1x TBSTw, and then incubated with fluorescent IRDye secondary antibodies for
1 hour with rotation (1:10,000 dilution, LI-COR, cat #: 926-32210 and 926-68071). The membranes were washed 2x for 5 minutes each with
1x TBSTw followed by 2 washes with 1x TBS (no Tween). Membranes were imaged on LI-COR Odyssey® Fc Imaging system and analyzed
in Image Studio (LI-COR) software.

Drug treatments

B-estradiol (E2758-1G, Sigma-Aldrich) was dissolved in ethanol and 1 uM was added to SC medium after HS to induce expression of Hsp104.
Guanidine hydrochloride (GdnHCI, 15502-016, Invitrogen) was dissolved in DMSO and 3 mM was used to inhibit Hsp104 and was added either
at 0 or 30 min after HS where indicated. For GAnHCI washout experiments, cells were heat shocked and allowed to recover for 0 or 30 min,
incubated with GdnHCI for 1 hour, washed 3x with fresh SC complete and then imaged over time.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analysis was performed via an unpaired two-tailed t-test or via a one-way ANOVA with a p value <0.05 followed by a Tukey post hoc
test and (H) via an unpaired two-tailed t-test with the following significance cut-off: not significant (NS): p > 0.05, *: p < 0.05, **: p < 0.01,
***: p < 0.001, ****: p < 0.0001 with GraphPad Prism. The number of replicates and cells are indicated in the figure legends. No statistical
methods were used to predetermine the sample size. The experiments were not randomized, and the investigators were not blinded to
allocation during experiments and outcome assessment.
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